This work presents the experimental results of lard combustion with diesel for heating. The work is divided into two parts, the first of which deals with the identification of lard as fuels and characterization of diesel, as well as determining the chemical and thermodynamic properties of mixtures of both components. The second part studies the optimum combustion point of lard and oil mixtures in a conventional plant, varying the percentage of lard in mixing, air flow, and injection pressure.
Introduction
Meat consumption in the European Union entails livestock production of a wide range of species (ovine, porcine, bovine, and caprine). Statistical data for the livestock census in the European Community corresponding to 2005 are shown in Table 1 [1] .
This livestock is produced for human consumption. Animals must be sacrificed in specialized facilities, such as slaughterhouses, which are subject to strict health controls. Live animals of the main species of livestock are taken to these facilities to be sacrificed and subsequently processed for human consumption. The process carried out at these facilities involves separating products destined for human consumption and those to be used as animal subproducts not destined for human consumption (ASNDHC), which for commercial, health, and legal reasons must not form part of the food chain. Table 2 provides an estimation of the amount of ASNDHC generated in Spain for the various species per animal sacrificed, calculated on the mean dressed weight [2] .
The mad cow disease crisis (bovine spongiform encephalopathy (BSE)) forced the European Union to enforce highly restrictive [3] and stringent legislation regarding the handling of this kind of subproduct, including the possible final use which these products may be put to once transformed. One result of this was for subproducts to be considered waste.
The present study aims to demonstrate the possible use of animal subproducts, in particular transformed fats, as fuel sources by mixing them with fossil fuels. Such a mixture would provide a range of benefits.
(i) Financial benefits: use of the energy properties of a waste product (transformed animal fat), through its possible use as a biofuel in combustion processes.
(ii) Environmental benefits: using renewable energy sources, such as animal-based biomass combined with conventional energy sources, has a lower environmental impact compared to exclusively fossil fuels.
Lard may be transformed into biofuel and used directly in an engine or in a conventional burner. In the present work, the lard is burned directly so as to eliminate transformation costs and due to the major investment which such transformation plants involve.
Lard as a Fuel
In its 2008 publication on "The State of Food and Agriculture," the Food and Agriculture Organization of the United Nations (FAO) [4] conducted a thorough review of the risks and opportunities offered by biofuels as well as the political challenges to be faced. The analysis concludes by stating that the rapid growth in the production and consumption of biofuels in numerous countries has far outstripped any understanding of their potential impact on food safety and the environment. This concern has led current fuel research and development programs to focus on second generation biofuels [5] . "Second generation" biofuels are those obtained from nonfood sources, such as lignocellulosic biomass for production of ethanol, nonedible oleaginous seeds for the production of biodiesel, and ASNDHC livestock subproducts. Animal fats are a much cleaner renewable energy source than conventional diesel and can be converted into biodiesel by means of chemical processes used in existing refineries. This product might merge already mixed fuel with normal fuel and might be sold as such. A further option is direct use for heating without the need for it to undergo transformation up to a proportion of 50%. All that is required is preheating to 38
• C with stirring.
Characterization of Lard
The laboratory receives the Lard from a waste management company, which only collects the product from pig slaughterhouses. This waste is subjected to the following processes. The raw material is first crushed and then heat-treated at high pressure to remove excess moisture and destroy microorganisms. Solid fraction is subsequently separated from the lard, with only the latter being used in this paper. At least four criteria need to be taken into account when assessing lard as a possible fuel: (i) inherent chemical quality (composition by elements and fatty ashes), (ii) mechanical quality of the fat (viscosity and density for different temperatures), (iii) energy quality (Calorific power), and (iv) possible uses (study of combustion processes). Table 3 shows the chemical and physical characteristics of lard and diesel.
Mixing Lard and Diesel
The lard is mixed with commercial diesel fuel and complies with directive 2003/17/EC specifications. This directive covers two types of diesel: that used in combustion engines whose specifications meet with EN590 and the diesel used in boilers, which has other specifications, which do not meet with EN590. The manufacturer of the burner recommends not burning fuels with a viscosity above 3 mm 2 /s at 100
• C. Our aim is to obtain the maximum percentage of lard mixed with diesel fuel with a viscosity below said limit, which will provide us with a homogeneous mixture [6] . Figure 1 shows how the mixtures of 40% lard and 60% diesel at room temperature are heterogeneous [7, 8] . Above 40
• C, animal fats are homogeneous liquids. Below this temperature, they are solid, do not dissolve in diesel, and block the fuel line. Figure 2 shows the homogeneous mixtures (lard and diesel). Homogenization is subject to heating and stirring of the mixture. The procedure is carried out in a TestoTerm brand, model 7000/9000, thermal bath with a temperature range of −50-400
• C and a resolution of 0.1
• C. The viscosity value of a fuel is a function of the temperature. The manufacturer of the burner limits the fuel viscosity, referencing it to 100
• C. Under normal conditions, the burner is fed by fuel at a room temperature of around 20
• C. This means that the burner is running with a fuel that has a higher viscosity. However, mixtures must always be burnt at a temperature above 40
• C, as a result of which the mixture viscosity in the burner is lower than that of diesel at 20
• C.
Characteristics of Mixtures of Pork Fat and Diesel
Each mixture was labeled with a two-letter code to indicate the fat used in the mixture (PR pork fat), followed by numbers indicating the percentage of pork fat used, ranging from 0% to 50% fat, the maximum imposed by the viscosity of the mixture, 9.5 mm 2 /s at 40 • C. In this section, we analyze the different characteristics of the fats and their mixtures with diesel in order to predict their optimal behavior as a fuel. The characteristics of the mixtures are obtained: (i) from other known properties (derivatives), (ii) from a knowledge of said properties in the pure components that make up the mixture (theoretical), and (iii) from laboratory measurements (empirical). The chemical and physical characteristics of fat and their mixtures with diesel are shown in Table 4 .
Parameters Characterizing the Combustion of Liquids
Combustion for heating is performed using burners, prepared for the controlled and optimized combustion of a specific fuel. The basic conditions to be met by the burner are the following.
(i) It should adapt to the combustion chamber where it is to be used. (ii) It should be equipped with a suitable margin of regulation.
(iii) It should be possible to control the shape and size of the flame.
(iv) It should function in a stable manner.
(v) It should be equipped with safety and regulation systems to ensure automatic functioning.
In the case of burners for liquids, the following features are also required.
(i) Capacity to achieve correct combustion intensity, (amount of fuel per specific volume).
(ii) Capacity to operate with a minimum amount of excess air (maximum flame temperature).
Burners for liquid fuels are based on two technologies: fuel vaporization and fuel atomization in small drops. This study uses a pressure atomization burner enabling regulation of the pressure between 2,000 and 3,000 kPa and the air flow through which combustion is performed. If we add the mixture percentages to these two control parameters, we have the three parameters to be controlled and optimized in combustion for generating heating using lard and diesel mixtures. Figure 3 shows an operating diagram of the burner used in the facility.
Experimental Facility
The generating equipment consisted of a boiler with a conventional heating burner for houses. The characteristics of the boiler and the burner are shown in Heat dissipation is through a two-tube radiator facility with direct return. Figure 4 shows the layout of the facility.
Fuel is fed into the burner from a preheated and stirred tank. An outline of the facility is shown in Figure 5 .
The facility control parameters are shown in Table 6 . These values should be kept within a specific interval for the test to be considered stationary, [11] [12] [13] .
Measuring Equipment
Combustion products are measured when the installation is running under the conditions set, which is assumed to occur when it is functioning in accordance with the parameters listed in Table 6 . The control parameter and fuel condition measuring gauge, shown in Table 7 , allow us to determine excess air, unburnt product, and smoke temperature.
Test Plan
The experimental designs enable programming of the tests to be carried out to determine how they impact the factor values (levels) on the characteristics obtained (response). Table 8 shows the factors and their corresponding levels.
The factors to be modified in the combustion process are The number of tests to be performed in order to maintain orthogonality coincides with the product of the number of levels of all the factors:
Combustion Results
Data were obtained from 45 combustion processes, varying the percentage of lard mixed with diesel, with the mechanical atomization burner functioning at different input pressures and at different air flow rates. Table 9 shows the combustion results for all experiments and shows areas where combustion is not possible.
Analysis of the Results.
To assess results of a combustion process, data from three aspects need to be studied: (a) efficiency of the combustion process, (b) greenhouse effect of the process, and (c) contamination caused during the process.
The efficiency of the combustion process is seen as a link between the useful heat and the heat provided. In other words, the efficiency of the combustion process determines the maximum heat that can be used. To determine performance, a balance must be obtained between the mass of fluids involved in the combustion process and the energy balance.
During combustion, heat loss may be caused by the following.
(a) The sensible heat of flue gases produced in combustion (gases at high temperature). This effect is known as sensible heat loss. Journal of Combustion 
±1
Represent the water temperature in the distributor located in the inlet circuit
Indicate the water temperature in the return collector through which all the water circulates prior to returning to the boiler P supply (kPa) 2,500
±0.2
Supply water pressure in the main circuit, immediately prior to the distributor P return (kPa) 200
Water pressure in the return water pump located before entry into the distributor P supply fuel (kPa) 500-3,000
±0.1
Supply pressure in the fuel pump P return fuel (kPa) 500
Return pressure in the fuel pump
±0.5
Temperature of the fuel located in the tank
±1
Water temperature when passing through the boiler
Room temperature • at 1,000
Pressure probe (four probes) Manometer type Spiral Supply pressure interval 100 to 4,000 kPa precision 1% Return pressure interval 20 to 100 kPa precision 1% (b) The combustion process does not achieve full oxidation of the fuel, as a result of which the fuel constituents do not release the maximum energy. This is known as heat loss from incomplete combustion.
Combustion efficiency is defined by the following expression:
where P s is sensible heat loss (kJ/kg comb ), P i is heat loss from incomplete combustion (kJ/kg comb ), and LHV is lower heating value (kJ/kg comb ). Sensible heat loss (P s ) corresponds to the energy the combustion gases have when extracted compared to the reference conditions of the combustion process. The greater the internal energy of the flue gas (flue gas temperature), the higher these losses. They also increase with flue gas flow, which increases with excess air, as this increases the flow of flue gas, thereby transporting a greater amount of heat. Sensible heat loss is defined by the following percentage expression:
Hs mass of dry flue gas per kilogram of fuel in (kg/kg fuel ), C pA mean specific heat of flue gases at constant pressure in (kJ/kg • C), T H temperature of fuel gases at exit of heating device in
• C and T ref. temperature of combustion air in • C. Heat loss from incomplete combustion (P i ) corresponds to the energy of the combustion products that have not been totally oxidized. This occurs in cases of incomplete combustion, the loss being greater the higher the amount of unburnt gas is. When total carbon oxidation does not occur, the combustion product will be CO rather than CO 2 :
Hs volume of dry flue gas per kilogram of fuel in (m 3 /kg fuel ), LHV CO is the lower heating value of CO in (kJ/kg CO ), ρ CO is the density of CO in (kg/m 3 ), (CO) is the percentage by volume in the flue gas, and LHV is lower heating value of the fuel in (kJ/kg comb ) [14] .
Heat loss from the boiler due to heat transfer has not been considered in this study as it is the same for all the assays since the facility is steady state in all cases. This paper presents fuel performance and not generator performance. Figure 6 shows the combustion efficiency results of lard mixtures and diesel. As can be seen from the Figure 6 , in general terms, combustion efficiency decreases when the air inlet is more open. This is because the fat contains oxygen. As the amount of air in combustion increases, the excess air in the fumes also increases, as does sensible heat loss in the fumes. No significant variations were observed in combustion efficiency when the air flow is 26.5 m 3 /h, even if the percentage of lard in the mixture was increased. The greenhouse effect of the process will only take into account CO 2 emissions occurring during combustion, distinguishing between emissions from fossil fuels and biomass. No evaluation is made of the overall lifecycle of the fuel. Table 10 shows the CO 2 reduction of fossil fuels when increasing the amount of lard.
Pollution occurring during the combustion process refers to emissions:
(ii) unburnt solids (Opacity), (iii) nitrogen oxides (NO x ).
It also evidences that the increase in air flow increases the amount of unburnt fuel, allowing us to state that atomization at the nozzle is adequate for the mixtures. Figure 7 shows CO emissions for a 1,400 kPa injection pressure, depending on the mixture and air flow percentage which, as can be seen, in no case exceeds the 300 ppm imposed by law for acceptable combustion. Increased CO when there is a rise in atomization pressure may be due to a detachment of the flame in the combustion head.
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Lard has a higher viscosity than diesel, as seen in Table 3 , the combustion process in the best results being obtained for high injection pressures by improving the spraying process of lard.
Conclusions
The mixtures of lard and diesel must not drop below 38
• C since saturated fatty acids solidify and block all the combustion system filters.
Mixtures of lard and diesel were successfully burned in a conventional facility, without the need for any treatment of the lard, as a result of which the two aims set out in the study have been achieved: (a) energy reuse of an abundant waste source and (b) evidencing that existing diesel facilities may be used, a preheated tank and stirring of the mixture being required. The lard used is an animal subproduct transformed by a livestock waste handling facility, as it is brought into the installation, meaning that abundant waste is available and requires no transformation.
The mixing tank must preheat the mixture to a temperature of 38
• C, the temperature at which the mixture offers the most homogenous characteristics. The mixture must also be stirred to avoid silting due to differences in density.
Maximum performance of the mixtures requires an adjustment of the fuel parameters depending on the oxygen content of the lard and the injection pressure such that (i) when lard is burned, air flow must be reduced, since animal lard composition contains oxygen as shown in Figure 5 ,
(ii) an increase in pressure means that combustion air may be increased. This is because as the pressure increases, the fuel flows and therefore the required air flow increases, as can be seen in Figure 5 .
Conventional diesel facilities offer two adjustable parameters: supply pressure and air flow. In the current work, we present the preestablished values to obtain optimum combustion.
CO emissions are a key factor when considering whether combustion is acceptable under the 400 ppm maximum limit imposed by legislation.
Future studies will address the use of other kinds of burners, which may use fuels with higher viscosities so as to burn lard without the need to mix with diesel.
